A series of cross-hole acoustic measurements have been performed in a columnar-jointed basaltic rock mass around an underground opening mined by the drill-and-blast method. The purposes of the test program were: to evaluate the rock mass characteristics around the opening; to determine the zone of blast damage; and to evaluate seismic methods for anomaly detection ahead of mining in this type of rock. The cross-hole measurements were made between four 76-mm diameter horizontal boreholes diamond-drilled 12 m into a wall of the underground opening. Repetitive pulses of compressional (P) and shear (S) waves of frequencies in the range 1 kHz-100 kHz were propagated from a transmitter sonde through the rock mass to a receiver sonde, both of which w~re clamped hydraulically to the borehole wall. After amplification the received P-and S-wave signals were digitized at the surface by a digital oscilloscope and stored on floppy discs.
The results indicate considerable reductions in P-and S-wave velocities at distances less than 2 m from the face. Clearly these low values are associated with blast damage. Beyond 2 m, the velocities in a vertical direction indicate almost constant values. The velocities in the horizontal direction beyond 2m appeared erratic, but showed a general tendency to increase as a function of distance from the face. Their maximum values remained, however, still lower in value than the corresponding velocities in the vertical direction. Near the face, the differences in velocities were considerably greater: with horizontal velocities considerably lower in value than those v~rtical.
Results of the spectral analyses of the received signals indicated that Q-values were strongly influenced by the verticallyoriented sets of joints. Only for waves travelling in the vertical direction was the effect observed of the blast-damaged zone immediate-
INTRODUCTION
The in situ assessment of geomechanical characteristics of rock masses TSan-essential prerequisite to the design and analysis of major structures, both on the surface and underground. A particular in situ investigative technique that has shown considerable promise fOr this purpose is the cross-hole acoustic method. The velocities of compressional and shear waves and their attenuation in rocks containing fissures, fractures and joints have been observed to be influenced strongly by the state of stress, changes in temperature, and degree of water saturation in the rock mass. Nur and Simmons (1969) have shown that the elastic properties of rocks are controlled mainly by the properties of microcracks present at low stresses, and that the application of uniaxial stress caused elastic-wave anisotropy, with a higher compressional-wave velocity in the direction of the applied stress. King (1969) and Anderson et al (1974) found that a preferred orientation of open cracks had a marked effect on seismic velocities, with the major reduction in velocity observed perpendicular to the plane of fractures. Nur and Simmons (1969a) and King (1984) determined the effects of degree of water saturation on elastic-wave velocities in crystalline rocks, and showed that an increase in water saturation increased the velocities of compressional and shear waves in granite.
In recent years cross-hole acoustic techniques have been employed in a variety of geomechanical applications. Price~ al (1970) incorporated results of cross-hole measurements in the design of a rockbolt pattern intended to stabilize a rock mass. Kujundzic et al (1970) demonstrated the correlation between cross-hole veloCitymeasurements and the compressive stress distribution around a tunnel excavated at depth. O'Donoghue et al (1974) employed the technique to investigate the spatial variation-in rock properties encountered during tunneling, and to assess the degree of damage in the rock mass caused by different excavation techniques. Using the cross-hole technique, McCann et al (1975) delineated interfaces between different strata and det~ted localized irregular features. Auld (1977) used cross-hole measurements to evaluate the elastic properties of a rock mass. Grainger and McCann (1977) provided two case histories of cross-hole acoustic measurements for site investigations in rock masses. Paulsson and King (1980) studied the changes in cross-hole compressional and shear-wave velocities resulting from thermal cycling in a granitic rock mass. McKenzie et al (1982) and Gladwin (1982) employed cross-hole ultrasonic measurements to characterize the degree of fracturing in a rock mass, and to monitor stress changes in the pillars of underground mines. McCann and Baria (1982) described cross-hole acoustic measurements applied in assessing the quality of a granitic rock mass for radioactive waste storage. Recently, Wong et al (1983) have reported acoustic cross-hole measurements in crystalline rocks, that were used to infer changes in lithology and to trace fracture zones between boreholes at ranges to 100's of m.
Reported here are the results of a series of cross-hole acoustic measurements performed in a tunnel situated in a basaltic rock mass. The tunnel, at a subsurface depth of 46 m, was excavated by conventional drill-and-blast techniques. Located well above the water table, the rock mass is characterized as dense basalt with a jointing structure of 0.15 to 0.36 m thick vertical columns cut by low-angle cross joints.
The objectives of the test program were: first, to evaluate the rock mass characteristics, and to assess their spatial variation around the opening; second, to evaluate the extent of blast damage around the opening; and third, to evaluate seismic methods for anomaly detection ahead of mining in this type of rock. Analysis of the data included an evaluation of the velocities and attenuation of compressional and shear waves transmitted through the rock.
EXPERIMENTAL PROCEDURES
Acoustic velocity measurements were made between four 76 mm diameter, horizontal boreholes diamond-drilled into the wall of the tunnel. Approximately 550 acoustic measurements were made in six directions between pairs of boreholes in vertical, parallel planes at different distances from the face as indicated in Fig. 1 . In the first 1.5 m from the tunnel face, the acoustic measurements were made at 0.15 m intervals; from 2 m to 11 m from the face, the measurements were made at 1 m intervals. The shorter interval spacings were intended to characterize more carefully the extent of the expected zone of blast damage adjacent to the tunnel.
The field system employed is shown in diagrammatic form in Fig. 2 . It is based essentially on that used in a similar research program conducted earlier in a granitic rock mass in Sweden [Paulsson and King, 1980] . Repetitive pulses of compressional (P) and shear (S) waves in the frequency range 1 kHz to 100 kHz were propagated from the transmitter sonde, situated in one borehole, through the rock mass to the receiver sonde, situated in a second borehole. The P-and S-wave transmitter and receiver transducers are broadband ceramic-steel sandwiches, with a center frequency of approximately 80kHz. The sondes were clamped hydraulically to the borehole wall to ensure repeatable acoustic contact. The received P-and S-wave signals were preamplified in the sonde and transmitted to the surface, where they were further amplified and bandpass filtered in the frequency range 500 Hz to 100 kHz. The complete P-and S-waveforms were digitized by a The digitized P-and S-waveforms were analyzed to determine the arrival times of P-and S-wave pulses, so that the velocities Vp and Vs could be determined using the distances between the pairs of boreholes calculated from survey data. The arrival times were corrected for the delay times of the transducer holders by clamping the sondes in an aluminum calibration block. The digitized waveforms were also subjected to Fast Fourier Transforms (FFT) and the rock quality factor Q calculated relative to the maximum Q observed.
Ultrasonic compressional and shear-wave velocity measurements in the frequency range 300-800 kHz were made on a number of core samples recovered from the four horizontal boreholes both in their dry and water-saturated states. The laboratory test procedure followed was essentially that described by King (1983) , except that here the P-and S-waveforms were digitized by a digital oscilloscope with a 20 MHz sampling rate, and stored on floppy discs. diagonally, and 1 and 4 diagonally, as a function of distance of the plane of measurement from the tunnel face. Figs. 5 and 6 show the shear-wave velocities measured in the same manner. Experimental errors ensuing from possible errors in the arrival times and survey data are indicated by error bars. In the case of a few S-wave arrivals, however, the errors could be larger, because of difficulties in recognizing the correct arrival buried in earlier arrivals of modeconverted P-waves. Comparison of the data plotted in Figs. 3-6 indicates that the acoustic velocities for the diagonal paths (between boreholes 2 and 4, and 1 and 4) tend to lie between the upper and lower limits established by measurements made in the vertical (between boreholes 1 and 3) and horizontal (between boreholes 3 and 4) directions. Figs. 7 and 8 show the rock quality factor Q (where Q is inversely proportional to the attenuation) for P-waves travelling over the vertical and horizontal paths (Fig. 7) and diagonal paths (Fig.  8) . The Q-values have been normalized with respect to the vertical path at a distance of 9 m from the face, which was arbitrarily set at Q ~ 100. Fig. 9 shows the rock quality designation (R.Q.D.) obtained from core logs for the four boreholes, plotted as a function of distance from the face. "' §.
?:
.t: Normalized Q-values for P-waves in diagonal directions between boreholes.
Figs. 3-6 show that there are considerable reductions in Vp, Vg, and elastic modulus at distances less than 2 m from the face: up to 55% to 65% in magnitude for the velocities. Clearly these low acoustic velocities are associated with blast damage adjacent to the Results of the laboratory test program are shown in Fig. 10 , in which P-and S-wave velocities are plotted as a function of uniaxial stress for 11 specimens obtained from core from the four boreholes. In each case at least one specimen was obtained from intact rock close to, and one far from, the free surface. It can be seen that the Pwave velocities lie in the range 5500 to 6000 m/s, with the watersaturated values some 3 percent higher than those with the specimen dry. S-wave velocities lie in the range 3300 to 3500 m/s, with the water-saturated values slightly higher in most cases than those with the specimen dry. It will be observed that the maximum P-wave velocity measured in the laboratory (6050 m/s) is less than the maximum P-wave velocities observed in the vertical direction in the field (6200 m/s). This indicates that the rock substance is probably anisotropic, with higher P-and S-wave velocities to be found in the vertical direction. Since no core taken in a vertical direction is currently available, this conclusion has not been confirmed experimentally. In due course the digitized waveforms will be subjected to FFT's and Q-values calculated for the rock samples by a spectral ratio's technique such as that described by Johnston and Toksoz (1980) . The velocity and frequency data correspond to a model of a jointed rock mass in which the joints intersected in the vertical direction are fewer and probably tighter than those intersected in the horizontal direction. The nature of the columnar-jointed rock mass in which the test program was conducted·supports this model. A convenient model for further study of the elastic-wave propagation in a regularlyjointed rock mass, with idealized areas of ·contacts for the joints, has been suggested by White (1983) . Further analyses of the velocity and frequency data, in conjunction with studies of the borehole core logs and ultrasonic measurements performed on specimens of core recovered from vertical boreholes, are intended to provide the basis for a quantitative model of the rock mass. CONCLUSIONS 1. The acoustic velocity and attenuation data are clearly indicative of an anisotropic, jointed rock mass, with a greater intensity of jointing along travel paths in the horizontal than the vertical direction. The columnar joints are probably less tightly closed than those oriented in the horizontal plane.
2. Low acoustic P-and S-wave velocities are indicative of blast damage, and of zones of intense jointing or fracturing in the rock mass.
3. P-wave Q-values indicate that the attenuation is particularly sensitive to the presence of the columnar jointing. Only in the 9 vertical direction, for which the horizontally-oriented joints are widely spaced and probably tightly closed, do the Q-values indicate the increased attenuation due to blast damage close to the free surface.
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